Introduction
I/St inbred mice display an extremely rapid disease progression after intravenous challenge with virulent human isolate Mycobacterium tuberculosis H37Rv, whereas the A/Sn inbred mouse strain is that most resistant to disease progression among over 30 inbred strains tested. 1 Compared to A/Sn mice, the I/St mice display a two times faster body weight loss, a 20-to 100-fold higher mycobacterial multiplication rate in spleens and lungs, and a more severe lung histopathology and less than half of the survival time. 2, 3 These strains constitute a tool to study genetic factors controlling sensitivity to tuberculosis since they clearly differ in a number of parameters defining disease progression. Linkage analysis in crosses between I/St and A/Sn mice suggested a quantitative trait locus on chromosome 17, which implies an underlying gene that controls the variation in severity of disease among the offspring. 2, 4 This locus contains the highly polymorphic histocompatibility-2 locus, H-2, where the cytokine gene Tnf-a is located.
TNF-a is a pleiotropic proinflammatory cytokine, 5 which seems to be able to affect almost all cell types. 6 It can mediate both physiological and pathophysiological processes, and was reported to be involved in cachexia, 7 regulation of programmed cell death 8 and play a significant role in septic shock. 9 TNF-a secretion by macrophages, dendritic cells and T cells is induced during infection with M. tuberculosis. 10 It is clear that the TNF-a response to M. tuberculosis infection is important for the infection progression in mice, [11] [12] [13] as well as in humans, strongly supported by the fact that administration of TNF-a blockers enhances the risk for M. tuberculosis infection reactivation. 14 Variations in the human Tnf-a gene promoter have been extensively studied for involvement in infectious disease, mostly the À238, À276 and À308 SNPs, in assays on TNF-a production and association studies. Results have been contradictory, and it is not yet clear if the actual SNPs under study are functional. 15, 16 However, fairly large association studies in this context have shown an association of these SNPs with susceptibility to cerebral malaria or severe malarial anemia. 15 Since (i) excessive inflammatory responses are central in the progression of tuberculosis, (ii) TNF-a is known to have an important role in the control of inflammation, and (iii) the rapid disease progression in M. tuberculosis infected I/St mice can in part be accounted for by the QTL containing the Tnf-a gene, TNF-a is a reasonable candidate to contribute to the difference in disease sensitivity between I/St and A/Sn. We hypothesized that there would be different TNF-a alleles in the I/St strain than in the A/Sn strain resulting in dissimilar TNF-a activity. Accordingly, we found several inter-strain variations in the Tnf-a gene, including a variation giving rise to an amino-acid substitution in the conservative cytoplasmic region of the pro-TNF-a leader sequence.
The TNF-a precursor is a 26 kDa type II transmembrane protein (pro-TNF-a), present as a homotrimer, 17 which is transferred to a 17 kDa soluble form by proteolytic cleavage of the leader sequence. [18] [19] [20] The transmembrane and the soluble forms were shown to be able to trigger biological activities distinct from one another. 18, [21] [22] [23] [24] [25] Proteolytic cleavage of TNF-a is therefore believed to be important in the regulation of TNF-a's diverse functions. A difference in this processing, or in protein localization, between the two mouse strains may account for part of the large difference in response to M. tuberculosis challenge seen between the I/St and A/Sn mice. We hypothesized that the detected amino-acid substitution in the I/St strain would affect secretion of the soluble TNF-a. To test that, we examined secretion, intracellular level, and localization of the new I/St and the common A/Sn TNF-a variants by constitutive expression in HEK293A cells.
Results
We identified a substitution in the Tnf-a gene encoding a novel leader peptide sequence in extremely M. tuberculosis sensitive I/St mice and studied its functionality. The secreted and intracellular levels of the novel protein were compared with the levels of the A/Sn variant, by the analysis of fluorescent TNF-a-fusion proteins expressed in HEK293A cells. The I/St and the A/Sn TNF-a variants were identical but for this substitution.
Identification of a new Arg8His polymorphism
The Tnf-a gene was sequenced in M. tuberculosis sensitive I/St (H2 j ) and insensitive A/Sn (H2 a ) inbred mouse strains. A novel nonsynonymous single base pair substitution was found in I/St but not A/Sn at þ 23 (with respect to the translational start site, NCBI Accession number Y00467) in exon 1 (Arg8His ((A/Sn) G4A (I/St))). The amino-acid substitution was situated in the cytoplasmic region of the leader sequence in pro-TNF-a. To determine if this substitution is present within other mouse strains, we searched the Genbank Mouse (mouseblast.informatics.jax.org), finding Tnf-a sequences for 12 additional strains: BALB/c (H2
). All these strains had the arginine amino acid at position eight, and the A/Sn variant was therefore considered as the common variant among . At position eight, where the new amino acid in the I/St mice is situated, the amino acid is arginine in all mammals mentioned above, including humans, except in the crab eating macaque and common squirrel monkey where it is glutamine. This arginine residue is at position eight in all mammals but red deer, where it is at position three.
To our knowledge, the Arg8His substitution has not previously been reported, and no other SNP in the leader sequence, in either man or mouse, has previously been studied.
Arg8His substitution increased the secretion of TNF-a
The A/Sn and I/St construct variants were identical but for the Arg8His substitution. Cells with the Arg8His construct, that is, the I/St TNF-a variant, had higher Table 2) . Post-transfection time point did not contribute significantly to the model (coef (mean7s.e.) ¼ À2.0171.25, 95% CI: À4.50 to 0.48, 1 df, F ¼ 2.6, P ¼ 0.11). The secretion dependence on protein variant was supported by the results of two-tailed t-tests. There was a clear tendency at both time points for cells with the Arg8His construct to secrete more TNF-a (t ¼ 2.03, 34 df, P ¼ 0.051, and t ¼ 2.00, 27 df, P ¼ 0.057 at 72 and 48 h, respectively) ( Table 2 ).
The intracellular TNF-a-ZsGreen level (ie mean channel of fluorescence) was similar for cells transfected with either of the two protein variants (F ¼ 0.06, P ¼ 0.82), also when analyzing each time point separately (t ¼ 0.62, P ¼ 0.54 and t ¼ 1.10, P ¼ 0.28, at 72 and 48 h posttransfection, respectively) ( Figure 1 ). No interaction between protein variant and time point was found (P ¼ 0.36). In agreement, two-way ANOVA of secretion corrected for differences in intracellular TNF-a-ZsGreen level, by dividing the secretion variable with the ratio : mean channel of fluorescence from the TNF-aZsGreen producing cells/average mean fluorescence channel number, the dependence of secretion on protein variant still held (coef (mean7s.e.) ¼ 1.9070.74, 95% CI: 0.41-3.39, 1 df, F ¼ 6.5, P ¼ 0.013). This average mean fluorescence channel number was based on all A/Sn and I/St samples and was 1807 and 1226 at 72 and 48 h posttransfection, respectively. However, studying secretion corrected for intracellular differences at each time point separately, the difference was weaker (t ¼ 1.94, P ¼ 0.060 and t ¼ 1.64, P ¼ 0.11, at 72 and 48 h post-transfection, respectively).
Thus, the Arg8His substitution was found to affect secretion of TNF-a but not intracellular level. Proportion of fluorescent cells was similar between the strains Functional mutation in the I/St mouse Tnf-a gene AK Kähler et al /SnJ (C3.JK) contained the I/St variants of the promoter and exon 1. None of these substitutions was previously reported in mouse. However, a synonymous SNP in mouse was reported at þ 24, and an I7T substitution was reported in BALB/c and C57BL/6. Neither of these polymorphisms was present in I/St, A/Sn or B10. These polymorphisms were not examined in this study.
Discussion
We report a new functional variation in the Tnf-a leader sequence present in the extremely M. tuberculosissensitive I/St inbred mice, which encodes a substitution situated in the cytoplasmic domain of pro-TNF-a. The new Arg8His (I/St) TNF-a variant, and the common (A/Sn) TNF-a variant, identical but for the Arg8His substitution, were constitutively expressed as fluorescent fusion proteins in HEK293A cells, for analysis of TNF-a secretion and intracellular level. The Tnf-a promoter and 3 0 UTR were not included in the expression system. The Arg8His protein was secreted to a higher extent compared with the common variant (P ¼ 0.0063). This was shown as a higher supernatant Arg8His TNF-a level adjusted for number of fluorescent TNF-a-ZsGreen producing cells. The mean level of fluorescence from intracellular TNF-a-ZsGreen did not differ between Arg8His and the common variant. In agreement, the higher secretion from Arg8His was still present after dividing the secretion variable with this intracellular level parameter (P ¼ 0.013).
In line with our hypothesis that the Arg8His substitution in TNF-a contributes to the impaired response to M. tuberculosis in the I/St mice, H2-congenic B10.WB mice, with the same H2 j haplotype as I/St mice, also displayed co-occurrence between a histidine residue at aminoacid position eight and M. tuberculosis sensitivity as compared to a corresponding arginine in resistant B10 mice. Moreover, an elevated I/St TNF-a secretion level, as seen in our in vitro expression system, could through an increased soluble TNF-a level explain the signs seen in the I/St mice after M. tuberculosis infection. However, the secretion level in vivo could be affected by other parameters, such as the additional variations found in the I/St Tnf-a gene. The TNF-a level from fresh lung macrophages has by Majorov et al 26 been positively correlated with resistance studying I/St and A/Sn mice. On the other hand, the TNF-a levels, produced by lung cell suspensions consisting of T cells, macrophages and dendritic cells from M. tuberculosis H37Rv intratracheally infected I/St and A/Sn mice, did not differ between the mouse strains within the first 3 weeks postchallenge despite a dramatic upregulation of IL-12 and IFN-g levels in A/Sn cells than in I/St cells. The interstrain differences in IL-12 production were largely independent of the presence of H37Rv sonicate and was not due to interstrain difference in number of inflammatory cells. 27 IL-12 acts on T cells, macrophages and dendritic cells, for example, by inducing IFN-g production. 28 IL-12 in combination with mycobacteria has been found to enhance TNF-a production in macrophages, mediated through IFN-g induction. 29 The presence of a similar TNF-a secretion level from A/Sn and I/St cells, in a system with markedly higher stimulation of A/Sn compared to I/St cells, therefore, opens up the possibility for increased I/St TNF-a secretion from the inflammatory lung cell in a nonstimulated environment. The differences in TNF-a secretion between A/Sn and I/St lung macrophages reported by Majorov et al 26 might also have been affected by a possible difference in IL-12 activation.
The I/St mice display a two times faster body weight and life loss, a 20-to 100-fold higher mycobacterial multiplication rate in spleens and lungs, a more severe lung histopathology, in comparison with the A/Sn mice. 3 It has been proposed that the amount of TNF-a at the site of infection determines if the cytokine is protective or destructive. 30 Ruuls et al 25 suggested a more prominent role for the soluble form in inflammation, but it has also been reported that the membrane form by itself is sufficient to mediate inflammation. 31 TNF-a induces cell death and cachexia. 7, 8 Soluble TNF-a is implicated to have a dominant role in endotoxic shock and even death following bacterial infection. 25, [32] [33] [34] Our localization analysis suggests that the substitution does not affect the intracellular localization of the protein, since an even cytoplasmic distribution was seen for both protein variants. This result is in agreement with the findings on the TNF-a secretion, since the higher secretion of the I/St variant implies that the protein successfully reached the membrane for cleavage and secretion. The positive effect on the secretion is more likely due to some effect on the TNF-a processing events.
The metalloproteinase TNF-a-converting enzyme (TACE; a disintegrin and metalloproteinase17; ADAM17) proteolytically cleaves pro-TNF-a, and findings indicate that TACE is responsible for most of the release of soluble TNF-a. 19, 20, 35 It is not yet clear how the recognition and cleavage mechanism is performed by TACE. The amount of noncleaved TNF-a present in the cell membrane has been proposed to be under strict control, possibly by a feedback mechanism, with several studies showing no accumulation of transmembrane TNF-a when expressing a mutated noncleavable variant. 22, 25, 36 Others report an accumulation of noncleavable TNF-a, but still less than expected if all of the nonprocessed TNF-a would reside in the membrane. 37 HEK293 cells possess an endogenous TACE activity. 38, 39 It was suggested that enzyme inhibitors and the amount of soluble TNF-a present can affect the TNF-a expression and secretion in this cell system. 38 TACE exists in both a membrane-bound and a truncated soluble form, and two independent studies suggest that TACE must be membrane-anchored to cleave its substrates. They also report that it appears like both TACE and its substrate must be expressed in the same cell for processing to occur. 40 , 41 Reddy et al 40 suggested that only the catalytic domain, which is located in the extracellular region, is essential for the cleavage process, at least in response to PMA stimulation. It is not known what function the cytoplasmic domain of TACE has, but an interaction with the substrate cytoplasmic region in some way could explain the increased secretion level for the I/St protein reported by us. However, translocation and release of soluble TNF-a has previously been shown, in the human form, to proceed even after deletion of all cytoplasmic charged residues including Arg8 and approximately 70% of the cytoplasmic domain. 42 Still, that this region is highly conserved indicates functionality. The Arg8His substitution may affect the processing selectivity. Zheng et al 35 have demonstrated that the extracellular domain of TNFa contributes to the selective cleavage by TACE, by preventing one or several other metalloproteinases from processing the cleavage site. The replacement of Arg8 by His might alter the conformation of the TNF-a trimer allowing other enzymes to gain access to the processing site. Pro-TNF-a is cleaved beyond a leucin residue, at position number 80 in the leader sequence, but two alternative cleavage sites have been reported. 21, 22, 43 If the Arg8His substitution affects protein structure, these alternative processing sites might also become more accessible. Arginine is to 99% in its charged form whereas only 10% of histidine is charged at pH 7. There are additionally nine charged amino acids in the cytoplasmic region of the transmembrane pro-TNF-a. 44 Some of the other sequence variations found between A/Sn and I/St may account for differences in TNF-a levels, and response to infection. However, these variations are not included in our expression system. A possible involvement of these variations in the expression and processing of TNF-a in the I/St mice remains to be explored. One mutation was found in the promoter (À82 [A4C] ), and three in 3
0 UTR was shown to be involved in the regulation of stimulated TNF-a biosynthesis by enhancing mRNA translation efficiency following LPS stimulation, through 'derepression' of translationally repressive elements. An UA-rich element therein and its flanking segments were reported to be fundamental for this enhancement of TNF-a production. 45, 46 The UA-rich region was also suggested to confer mRNA instability 47 and to harbor an RNA-protein binding segment, 48 as well as a completely mousehuman conserved site present in several different inflammatory mediators. 49 The þ 2264 substitution is situated downstream this UA-rich region. Between the þ 2264 and þ 2418 substitution another RNA-protein binding site was reported. 48 The 3 0 UTR has also been reported to cooperate with the TNF-a promoter in the regulation of gene expression. 50 The À82 substitution was close to the TATA box, but was not within any transcription factor binding sites (Transcription Element Search System; Schug and Overton; 51 www.cbil.upenn. edu/tess).
In summary, we found the Arg8His TNF-a variant, present in M. tuberculosis-sensitive I/St mice, to be secreted to a higher extent than the common TNF-a variant, present in, for example, M. tuberculosis insensitive A/Sn mice. The intracellular level of these variants was similar. The I/St mouse may serve as a model to further explore the function of the well-conserved cytoplasmic region of TNF-a. However, further studies are needed to determine if and how the other substitutions in I/St Tnf-a and the cellular environment in vivo affect the balance between soluble and intracellular Arg8His TNF-a before and during M. tuberculosis infection. /SnJ (C3.JK) (Jackson Laboratory, Bar Harbor, ME, USA) were used for DNA amplification. The genomic sequence of Tnf-a (À714 to þ 2442), from the promoter to the polyadenylation signal, was determined from A/Sn and I/St using duplicate Tnf-a T-vector constructs. The Tnf-a promoter and CDS sequence was determined also in C57BL/10, B10.WB and C3.JK genomic DNA. Construct DNA and agarose gel electrophoresis-purified PCR products were subjected to sequencing with an ABI Prismt 377-96 Collection machine using the BigDyet Terminator Cycle Sequencing kit (Applied Biosystems, Foster City, CA, USA) and a polyacrylamide gel. Sequences were analyzed with ABI Prism, Sequencing Analysis software. All fragments and constructs were sequenced independently at least twice. Database Uniprot was applied for protein feature and amino-acid variation data searches (srs. ebi.ac.uk/srsbin/cgi-bin/wgetz?-page þ srsq2 þ -noSession) and protein homology searches (www.ebi.ac.uk/ fasta33). Nucleotide variation and homology searches were performed at the NCBI SNP website (www.ncbi. nlm.nih.gov/SNP) and NCBI BLAST website (www.ncbi. nlm.nih.gov/BLAST), respectively.
Materials and methods

DNA sequencing
Cell line HEK293 cells can be used as a model system to study TNF-a processing. The precursor protein is cleaved at the correct proteolytic site, releasing a biologically active soluble form, which provide evidence for an endogenous, constitutive TNF-a converting enzyme activity. 38, 39 It is suggested that enzyme inhibitors and the amount of soluble TNF-a present can affect the TNF-a expression and secretion in this cell system. 26 The HEK293A cell line was grown in DMEM containing sodium pyruvate, 1000 mg/l glucose and pyridoxine (Invitrogen, Carlsbad, CA, USA), supplemented with 10% FBS (Sigma-Aldrich, St Louis, MO, USA), 1% L-glutamine (100 Â ; Invitrogen) and 0.5% penicillin-streptomycin (10 000 U/ml penicillin G sodium and 10 000 mg/ml streptomycin sulfate in 0.85% saline; Invitrogen). Cells were grown as monolayers, in a 75 cm 2 culture flask (Sarstedt, Nü mbrecht, Germany) containing 30 ml cell medium, maintained in a humidified atmosphere of 5% CO 2 at 371C. Cells were passaged by trypzination after 2-3 days, upon reaching 100% confluency. For storage, cells were placed in 3 ml of 95% DMEM (10% FBS, 0.5% PEST, 1% L-glutamine) mixed with 5% DMSO, in À1401C. The cell culture was tested for mycoplasma contamination at the National Veterinary Institute (Uppsala, Sweden).
Cloning of the Tnf-a gene into fluorescence vectors Frozen liver samples (À801C), from I/St and A/Sn mice, were homogenized in TRIZOL reagent, and total RNA was isolated using phenol-chloroform extraction according to the protocol provided by the manufacturer (Gibcot Invitrogen). The RNA samples were treated with DNase using the DNA-freet Kit from Ambion (TX, USA) to remove potentially contaminating DNA. Total RNA was reverse transcribed using the Super Script II RT protocol (Invitrogen), and ds Tnf-a cDNA was produced using the Expand High Fidelity PCR system (Roche, Basel, Switzerland) with the following PCR primers: , and the plasmid DNA was purified using the S.N.A.P.t midiprep kit (Invitrogen). Clones were sequenced as described above. Alignments with the control sequence (NCBI Accession Number Y00467) were performed using the GeneJockey II software (Biosoft, Cambridge, UK).
Transfection
Before transfection, HEK293A cells were seeded in 24-well plates, or onto coverslips if the cells were transfected for confocal microscopy analysis. Cells were recovered from the T-flask by trypzination, and approximately 10 5 and 5 Â 10 4 cells were added to each well for flow cytometry and confocal microscopy analysis, respectively. DMEM (10% FBS, 0.5% PEST, 1% Lglutamine) was added to a total volume of 1 ml. The plate was maintained in a humidified atmosphere of 5% CO 2 at 371C, for 24 h before transfection, which was conducted with the Lipofectaminet Reagent, in conjunction with the Plust Reagent, using the protocol provided by the manufacturer (Invitrogen). Transfections were performed with the A/Sn and I/St expression vectors, and all experiments were conducted with the two construct variants in parallel. Cells transfected with the empty vector and a T-vector, which is nonfluorescent, served as positive and negative controls, respectively. The medium was exchanged approximately every 24 h until fixation.
Determination of time point of analysis after transfection Time point for Tnf-a expression analysis was determined in initial experiments. The cell viability and the cell count, before and at different time points after transfection, were estimated using hemocytometer-based trypan blue dye (0.4% weight/volume in PBS; Sigma-Aldrich) exclusion. Two days post-transfection, cells had reached cell numbers higher than prior to transfection and the cell viability was 90% or above. Therefore, 48 and 72 h were chosen as time points for analysis.
Flow cytometry
After trypzination, suspended cells were fixed on ice with 3% PFA and 5% sucrose for 15 min, at time points 48 and 72 h post-transfection. After fixation, PBS was added, diluted samples were centrifuged for 3 min at 400 g, the supernatants were removed, whereafter cells were resuspended in 500 ml PBS. Single-cell suspensions were each mixed with a TruCOUNTt tube containing a known number of fluorescent beads allowing estimation of the number of fluorescent cells in each original plate well during the subsequent analysis using a FACS Calibur system (BD Biosciences). Data acquisition and analysis of the results were performed using the CELLQuest software. The number of beads acquired was received by gating the bead population in an FL-1-Fl-2 dot plot. The cell population was gated in the Forward Scatter (FSC)-Side Scatter (SSC) dot plot, and 10 000 events within this gate were acquired from each sample. This was instead of excluding debris using a threshold, because that might exclude beads during acquisition. At least 10 000 events above the bead population, on the x-axis (FSC), excluding debris and TruCOUNTt beads, were analyzed for each sample. Results were reported as the mean channel of fluorescence and as the proportion of cells that fluoresce.
ELISA
The cell culture supernatants, from cells analyzed using flow cytometry, were analyzed for the level of TNF-a secreted during the last approximately 20 h using ELISA. Dead cells and debris were removed from supernatants by centrifugation at 510g for 5 min. The supernatants were then stored at À201C until further use. ELISAs were performed using the Quantikine s Mouse TNF-a Immunoassay kit (R&D Systems, Minneapolis, MI, USA), according to the protocol provided by the manufacturer. Samples, controls and standards were assayed in duplicate. The optical density was determined within 30 min, using an Emax precision microplate reader (Molecular Devices, Sunnyvale, CA, USA) set to 450 nm, with wavelength correction set to 562 nm. The sample concentrations were calculated by the SOFTmax PRO, version 3.1 software (Molecular Devices).
Confocal microscopy
For analysis of the localization of the I/St and A/Sn TNF-a, transfected cells were fixed attached to the coverslips, with 3% PFA and 5% sucrose for 30 min, at time points 48 and 72 h post-transfection. Wells were washed two times with 500 ml PBS. Fixed cells were stained with Vybrantt DiI (Molecular Probes), for visualization of the cell membrane, by incubation in 371C for 15 min, followed by washing three times with 500 ml PBS, and DAPI-staining (0.5 mg/ml in PBS; Molecular probes, Eugene, OR, USA) for 15 min. Cells were washed again, twice with 500 ml PBS. The coverslips were mounted onto glass slides using polyvinyl alcohol mounting medium with DABCOt (antifading) (Fluka Chemie, Sigma-Aldrich). Slides were stored at À201C until further use. Analysis was performed using an LSM 510 META confocal microscopy (Zeiss, Oberkochen). For analysis of the DiI, DAPI and ZsGreen, an He/Ne1, UV and Argon laser, respectively, was used. Pictures were created using a mean of eight scans, using the LSM 510 software (Zeiss).
Statistical analysis
A TNF-a secretion variable, corrected for differences in cell number between samples, was constructed by dividing the TNF-a concentration in the supernatant with the ratio:number of TNF-a-ZsGreen producing cells in the plate well (based on the proportion of cells that fluoresce and the total cell number, both monitored by flow cytometry)/the average cell number per well. Intracellular level of TNF-a-ZsGreen was defined as the mean channel of fluorescence determined by flow cytometry. A variable based on the secretion corrected for differences in intracellular TNF-a-ZsGreen level was constructed, by dividing the secretion variable with the ratio: mean channel of fluorescence from the TNF-aZsGreen producing cells/the average mean fluorescence channel number. Secretion and intracellular level of TNFa-ZsGreen were analyzed for dependence on protein variant and post-transfection time point. Variance equality between protein variants and post-transfection time points was assessed using Bartlett's test. Univariate multiple regression and two-way ANOVA were performed. Dependence on protein variant was then tested at each time point using two-tailed t-tests. A P-value of less than 0.05 was considered significant. A significant effect of protein variant on the secretion variable, motivated analysis of the underlying parameters proportion and number of TNF-a-ZsGreen producing (ie fluorescing) cells. The analyses were calculated using STATA version 6.0 (Stata Corporation, College Station, TX, USA).
